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Heart Rate Analysis Exploiting Fundamental Frequency Estimation
in Music Signal Processing

Nami Kajitani

Advanced Course in Industrial and Systems Engineering

National Institute of Technology, Kagawa College

Abstract

In home health care, it is important to remotely monitor patients and to manage their health condition. For this
purpose, patients need to wear sensors to acquire information such as heart rate and blood pressure, which is
cumbersome and leads to a decrease in the quality of life. Therefore, a nail tip sensor has been developed as a
wearable sensor that can be securely fixed for long periods of time without discomfort. Since this sensor can
obtain photoplethysmogram (PPG) from changes in blood flow at the fingertip, it is expected to be applied to the
constant monitoring of heart rate in real environments. However, since the signal obtained from this sensor
contains a large amount of noise caused by body movements, it is necessary to extract only the heart rate
component from the waveform by signal processing. Little research has been conducted to determine the best
method for heart rate estimation with PPG obtained from the nail tip sensor. In music signal processing, the
problem of estimating pitch (fundamental frequency) from observed signals such as vocal and instrumental sounds
is a major topic, and various methods have been proposed so far. The estimation problem of the fundamental
frequency itself is often encounteblack not only in acoustic signals but also in many other media signals. In
biological signal processing, heart rate estimation is essentially equivalent to an estimation of fundamental
frequency. Thus, there is a possibility that the methods in music signal processing can be applied to the heart rate
estimation. In this thesis, in order to estimate the heart rate from PPG obtained by the nail tip sensor, I applied
four methods, the normalized autocorrelation function method, the cepstrum method, the YIN method, and the
multiple signal classification method, which are typical fundamental frequency estimation methods in music
signal processing. The effectiveness of these methods was experimentally verified.As a result, it was found that
the fundamental frequency estimation method in music signal analysis is useful tosome extent for the analysis of
PPG.

Key Words: fundamental frequency estimation, music signal analysis, health care
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HEEERETIE, BEORBERELZEHT L7010, BRTE=Z Y V7 2(TH) ZENEETHS. =
DHBIOT=OIZ, BEITLBCMEEDHERE G T 28 P 2EE LERITOLENDH Y, ZOHMES
MOATEOEOIR T2 HSMERH D . £ 2T, A8 R E < RHIRNZ 72 2 R [E 72 [E E 25 7 6E
Ry xT 77Nkt E LT, T S RREINTND. OB T, RO MTEOZEL
2L > OEBIREEE S (PPG) 6N 5720, FEAERERE FCTORRRMAT=4 1 v 7 ~OIEHNH
FESNTWVD. L L, 2oty ofGoi DG FIIEECER ST /) A ABELEENT
WD T2, (G5B A 3 2 & T b O OB a3 2 BN H 5038, 1 TV 3T
5D PPG I LTED XS RFENLAHEEICRKRE TH LI ONTIEL, T E ThE a1
HHNTWARY.,  —FHT, TRESMITICBNT, R—h LR ES0BNIGEE» LT OE S
KEWEE) ZHEETHREIT KRy 7 THY, ZTRNETEHERFEMERS N TWS. Ak, 5
DREARFE R OHEERE B KR, FBEFOARLTELDAT A TEEZTRLNLMETHY, Ak
B AERIZ B W TR 2 & 0 2 HEE 3 2 R O AR IS EARE B EME THH. 20T
¥, FEARJE P HHEE M & El T 5 OFHEE ISR LT, BEIE ST O FENICH TE 2N &
L. FITC, AIETIE, TR TE LD PPG 0 DA EHEE T D 721, HERIE SREITIC
BWTREMN 2 AR B R EHEEE CH 2 EHL B CHEBEBERE, 77 A b T Ak, YINIE, KOS ERE
FOFED A SO FEEEH L, ERGE T OMITIZRT 2 HEMEEBEE LT, ZORR, S35 50T
(23T 2 HAR R HHEEEI ARG 5 OIS, HOIRBREAHTHL Z LR nhhol
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1.1 AwWXDER

EEt R R o HATIE, EEEROEEMESELEMLTWS. EEERTIE, BH
DEREHDI-DITERTE=X Y VI %RITI ZEDREETDH 5D, ZOEIHDEDITIE,
Fig. 1.1 TR &1, v P2 HRICEE ST 2 2 L TOESCMESF 2GS 20813 DH 5.
BAETIE, Fig. 1.2 © X5 zREt XM b Xk oy 2 7 7 7 v oaliResh
TEY, ThoZREETHIETERE=XV VIR fTbATVs. LarL, I05DHKRIC
W, RRREEERS NRR OB OREN, REREOZCER S 2#EROME, KOk
fil 2 G R DEEFER L OMEDIET 5.

Z ZTHE, hEMEAOMKE LT, MLy oRESED SN TVS [1]. Zh
EFig. 1.3 D0 &2, P2 FANEEAWTNOEREICE Y Z2EET Z/NIF AL 2T
HY, IRIFPLHADFHIZHNE LTW3. MOY A XDEFEICE Y, Ny 7V —, BEHE
ERERLTED, HAOMEDILE « IR 2 MEEOGZE(L 2 - EBIRES
(photoplethysmogram: PPG) 231l TE 2. ZD PPG 28 TEET 2 22T, DiHEE
b CH ISR - T T2 A7 4 2MELTWS (Fig. 1.3 TIXEMRTHERE L TWEH, Ak
B CTIEE T 2720, DO LT TRMET 2T R885). TOEYH T RT AOME
% Fig. 1.4 RT3, SR [1] TRESA TV AHIFNEE ORI TO 3 HTH 5.

o JUTIHEEMIEL N, MRLIE D20
o JNIMMDE N0, BOHMEE Z T E 5
o BBODINIEAET 2 I TCERFARGTIATE, & DREEBNZFAIHAGTE 2

AIRD X 512, 2L OFEEFFOMIFTE YV EZ DEAMEDE X 2 & EHBZADILHD
WX TWa. LaLEDS, M oBlllxhs PPG X, HREIFICHKT 2 1 X0
HXNTLESRIEND 720, 7 A4 U URERODIREEENDEE 5. £/, 20D
X 57% PPG IR L THIERNZDAHEERE D E D AT SN TESL T, @Y7Ly X alk
O E RO TOWRVWODBIRTH 5.

—} T, BEESNHOEB TERICHEIN TV R EREST VW BT, K—2F



Fig. 1.1. Telemedicine system using contact type heart rate monitor system.

WP HBREFEOHEEEPLHEDORS (B y FXIIHAREBE MIh3) ZHEET 2 HED
— KM Z7eRhoTWVW5s. ZHE, SOERBBEBZHEST 2T, X074 DBEHP
a— FH#EFOHEMIICHT 2N TE22DTHD, EARERIEZEES2R/REOT
2EbDTCEHERBRTHD ZLKERLTWS. 20D, BRESHBIPH T, h
FOEMAREAF B EESREIN TV S, flx1E, REEE OB CHBEBEKEREH L
TREEOEAREIZ K 2 IEHLE CAHBEBEEE (2], 55 DOMEBIRIER X7 b Lo JE L
DEBNT 25 725 L35 [3], BEPKR—HLE, AROFHEORARRE R E EECHEE
T5ZEMNTES YINE ], RO ZEMEICHEIKEEOREFIETD 3 L HIFEMN
(multiple signal classification method: MUSIC) 7 [5] 72235 5. T4 6 OEA A BAHE
B, AROEREEMTORTLE L L TERAENRD SN Tn5. &K, E5DOHEARERK
Ko EMEARE, BEEBOARLTZLDXT 1 7EBTRALILZMETHD, £
EE I B WTIEFHAEIE 2> & O 2 #EE 3 2 M S AN E A EA R RBHEERE T H 5.
Z AT, [FIMEE Y3 TELN2 PPG 25 0MHEHEE T 272012, BHRIEEH
FHCBWTRENZ, AHRD 4 DDEARERBHEEELZ B L, EMMEE5ORITICE T 26%)
P2 EES 5.

L YIN %0 YIN BHEOR EBICHK T 23U TH D, S DEHEOERIZTIIR .
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Fig. 1.2. Wearable devices used for remote monitoring [6, 7].

1.2 AHEXDHHB

AHITIE, AFEOHICOWTHIAT 2. ERLFEOPETIX, #MELLIEE > 35 THl
EXN50EEFEE (electrocardiograph: ECG) 12X LT, EIBEOEAREI (EARRE KD
B) *BEHT 22 TDAERHET 2 Z e — RN THS. ZORFOEARREIL, ECG I
BFEND RIFLMINZ 284 7RO (Fig. 1.5 ® ECG B2 SHR) DRFRHIEFE % #EE
TE3FENPELSHVSLR, R-R B (R-R interval: RRI) #E XN 5. F1F)TVHE >3
PIRE XN [1] Ti&, RRIFEEOREE L LT, YurnRE e Zn 23 MWia7rLra
VXL EANT, F3TEE 3251585072 PPG R UOEMALLAL >4 TF 5h7z ECG
OHAFEREZHEL TWVWD. ¥ ruEoBMER Fig. 1.5 10R3. Euru ke, E
ADPKIEL T2 3 Y FLORBEEEESOEARFAP YL L TRDZFIETHD, [EAKIERE M
LEWT Y RRA LB FETHET Z2HENH 5. K@ TlE, 3Ly THlExhs
PPGIZX LT, &b /A XGHEROHEEEZ BIEL, a7 o BN o.OaHEE EZ
HWHT 5. FC, miffi TN ERESMNTIIICE T 2 RENR 4 FEEEA L, HEME
WOWTHmT 5.

1.3 AFEX DB

RENCT, R X OMRERT. 5, 28T, KR TWDOKS, DHEHET 217
T >3 XN 2 R E OB ENC DWW CFEINC AR T 5. B vy 2FHT 22k
T, SNETOV 27 77Nty CBOTHEHRIN TOIARBREFERTRETE, 2K
FRFFHHOEBR, Yz x4 VEHAWS Z e TRPIMICHZ 2EE R EE b AIREL 72 5. 3
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Fig. 1.3. Nail tip sensor for PPG measurement [1].

FHTIE, A THEBRITENT 2 4 D OEARPHRHEEEDHE IR OW TR T 5.
WINOTED ERESUHEO DT CIIEARARBHEER: LT HRIICHVWSN S, 45T T
&, PPG T L CTEERESMTTHWON S 4 FE2#EH L BROHEEREZD LB 21T 5.
BEROBIH T —22HWT, ThZROFEOEE/R R I RBR2 BT 2. &
i, 5 WETIX, A Dbz ibR5.
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Fig. 1.4. Nail tip sensor system [1].
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Fig. 1.5. Overview of zero-cross method. Time interval between zero-crossed samples is

calculated, where dead time is utilized for avoiding miss estimation
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RETIE, AR THVRFIME LS 1] OEZHAT 2. 2§ 2.26T1E, M
Bl o ORI O WTENRNR 2. & 2T, MY Y OBFEOEENR, K
THEL SN TV RHELORBIC OV T HFHAT 5. 2.3 HiCld, HFME L >3 OFHlFEE
WOWTHRARZ., FHAFEETIE, BERIATORNEOREFRHICOWTHEEL S Fits
3. 24 fiTX, MBI Y208 sNRERBICOVWTIRNS. 2 ORIEREIA
RTHMOTS ANEB L LS. BKIZ, 25 8T, KEOXLHEARNS,

2.2 4

HEEERIIBWT, BEOMAZ Y 7L RXA L TEBE=XV V7 T5ZIIRNEATH 5.
LoL, DAfEZHBE LT RINMCHVWSR 223k, FHRICED 3 2B X -
T, FPRBEBEERLERORX MLV A, RUOEEHFOZ OMENET S, —/T, k(1]
TIREIN TV A FITE L 3 TlE, TUQEEEHREOEV Z 2, Mk E < RPN EE
BZEEMIMRETE 2 2200, —NCAVSLR TV S AT 2 M8 E 2N T
3. BB, ALY TE, LYIDOEEDEDIII A VEHOTWS D, BEERE
EOREEDEHTES. 2612, AHDNEHFRETHEG 20 BKIFES 2720, FRAIZIE
BHOMICES T2 Z e CEZARKGHIIDAMREL 2D, XD EMICE=XY Y7 T3 M T
XreEZLNS. IOHNEHTEE, XD REHLEHNDHSTE, MERIEDATH
{, MEAEICHICHTZ 2 THINS.

MRV & DE TR LU & FIANICE D IR L R S I 2 RN Tn5. 22T, &
YT, TDEMICERL Th2HE (TUR) 12 2 BMIME OIRRN CIE D 54 U 2
INGEDELEFTANS Z e TDAZHEL TW5. ¥ 220, JVELD K EIXIER T H
%7z, RERHENCRE T 254605 b, GO FARICELTWS. 2B, MEOILE
R ONHECER T 2 0 Z(LIZIEFE ICHIITH 2 720, M oBon 2 HERFIE, midost
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BLIC & o T DNIZ E A EBRIT E R WIREIC 5. AWIFETIE, COREZERT 5 7
DI, MAoGo07 PPGITHNUT, ERESWNTIE CTHE U AR BB E ik 2 8 H
L, /A RCEBZDIHEEDTTZA 20OV TH LSBT 5. RiwsLTlE, D& PPG
DRI HIZR S 2 BIE T 2 DIA(E 5 MO, REICHI RS OO NSRS 2 BB %=
J A RERES.

2.3 ENERIE

AZETHW 213 T >3 OBIEFR#IZ Fig. 1.4 1REATW2ED TH 5. (i3I
VARG HIERE, Ny 7V —, EEGAEH, NOHIEA~ A arERsha Ty
5. 7B, TITEHHMINTWSEEEHKICOWT, Fig. 1.3 TIXEBRTHES L TWVW3 2,
FERANCII ARG CIEETEL IO XURTETH 5.

22 HiCH AL 72 & 512, TUETIRIME OILIRK CINHEIC X > THHl R EOZ AT 5.
A3 TR, ZACKoTEB LD RERAT 2 Z L TRIEZFHIIL TV, o
KRA»HFRINIIMeEBL, TURICEET S, 22T, TURKORSEZ 7 + F &4 4 —
FHH T 2. ZOREDEE, HEIERRZ@R LR hans., 20T, IREEHIERICT
& h7z PPG %, EIUEGIKIC X DT OZERAZEONS. X512, A Y X—%v M
M2 C CERICH 2528 ) ¥ TURANCERZ XD Z EHARETDH 5.

¥ 7z, JEICid LED (LTSTCI70TGKT) ZfEH L, EREEENCH S HELORE R =T
W WH30 nm ERESINTWVWS. KB, HHEFIET7 + X4 4 —F (TEMD6200FX01)
, BEIEICEAR7 7 (OPA2330) ZHAWVWTW2. FHAIEIEEIE 11 mmx 11 mm DFEMRIC L
L, SARBLEIRIC X > TEMT 2 Z e THi/AKMKRB XN TWE., ZHuc kb, KEEK
CARED HEN2AETEEREE FCOKEDEBIED EE L TW5.

2.4 RIERR

SCHR [1] THEMS N 24 R OHPPESERRT, MMt 32615607 PPG K DES
CHD [ 22 B S 18 507z ECG % Fig. 211”3, 93, Fig. 2.1 (a) T/RT 24 R
2RO R D L, KEDITBWTHEESRZ Vv Y 7L TWS I e 5d. ZHUE, H
WHRIEEOBIERFICAE T 2 (DAL D) 35 (R TR INENEETE 2 5) 290
BINBZ2i2koT, By HOHIEFREHIFAZEZCLES ZAFEEATHS. Lo LAs
5, Fig. 2.1 (b) AZ¥NRTHERFEOILKIEE TIE, PPG KU ECG DWW O b0
Hk T2 L BN 2E (RaIcB 20E5) AMIEE TV, 1271, ECGIFA
A ZIROBNESBENAS DI L, [HiFTVE 3 THRELNS PPG © BWES 3K
% BHED EEFRVIELEISGEWER 2> TWwb. Fig. 2.1 (b) 5| 0@ IEE T,
Fig. 2.1 (c) HAIDB L WVEFH T, EHOWML ZIBCTHELEESHE L, DIcHk T
LEE5DEENHEYE (signal-to-noise: SN) FEASMUIHICIK T 3 5.
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Table 2.1. Activity scenes in each time period (Data 1)

Japanese standard time Scene

18:00 — 00:53 Moderate activity
00:53 — 07:00 Sleep

07:00 — 09:47 Moderate activity
09:47 — 11:07 Hard exercise
11:07 — 12:30 Moderate activity
12:30 — 13:56 Sleep

13:56 — 15:09 Hard exercise
15:09 — 18:00 Moderate activity

AREFLTIE, WK [1] TEHlE N7z Fig. 2.1 DEEREFTRL, FHRCHHILE 2 HOOH
oW T DAHEEDOHFE - BT 2175, ZhooitiliERiczhzh IF—% 1), [F—
22], RO TF=% 31 0L EMF, DBREITAVAERCCEHIIEE2ELRT. &
F— X DOFHERICE T 23 MIZLTO®EY TH 5.

F—Z 11320185 A 2 HIKHE L 72 24 O 7 — X TH 3. FEBOV VTV VIR
BEEIZ 1 kHz TH 2. ZOF—XE, BEMEL LTI )72 EHlir» 55507 ECG
DIEBY, MIMEE ¥ sE 607 PPG DESDHEN, FU A/D ZHEC AR
TELHT, FENZFEHISENTHRW. FHFGD &£ 4 2 > 2713 ECG & PPG THi/ [A
U728, MR B el X 2 EHIIRER & AT VB & o s S h 2 5SS O T
) U ZREEBIED T PICTRTOSAEEED D D, 24 B 2 W 5 RFF OFHINC B
TiE, WIERLORBOTNDREEL o TWAAREMRH 2. %72, PPGIZBWTIX, &
AFIvILYIBBATIZV Y T2 EADMERINTOEWIIETF —XTH 5.
T =& 1B 2 ERZTOITENE Table 2.1 D@D TH 5.

T—=X 2132021 5 H3HIKHE Lz 24 Rl 0T — X TH 5. KEZOH TV VI
BEUE 512 Hz THZ. ZOF—XIE, BFEr UTHICED i) &M 515 5h 7z ECG
AT 32 618607 PPG AR U A/D I A XA TE D, RN L L
BIhTWw3. PPGIIBVWTIE, FAFIvZL Uy IRBATZY Y T3 I EADIK
LT, eI T - T EROFF 22k D, ROBORESHE ATV BHIE
T—RTHB. 7—X 2B 2ERLTOITHNE Table 2.2 0 TH 5. Fig. 2.1 LAk
2, 7—X 2 OFEEE Fig. 2.2 IR,

T—& 31320215 A8 HIKHE L 24 KD F— &2 TH 5. BEE5OF YTV VI
BBE 1024 Hz TH 5. ECG & PPG ORHAMICOVWTIE T —& 2 L FAETH 20, 7—
£ 3 TIEE HIC LED I T — 72D 1), KO T 2MELIhTWE. F—&
3B 2 BZRAITOITEN Table 2.3 O H TH 3. Fig. 2.1 LRI, 7—X 3 D%
Fig. 2.3 TR,



Table 2.2. Activity scenes in each time period (Data 2)

Scene

Japanese standard time
12:00 — 12:50
12:50 — 13:09
13:09 — 18:08
18:08 — 18:30
18:30 — 21:10
21:10 — 21:30
21:30 — 23:03
23:03 - 07:30
07:30 — 10:15
10:15 — 10:41
10:41 — 11:20
11:20 — 11:35
11:35 — 11:40
11:40 — 12:09

Moderate activity
Hard exercise
Moderate activity
Hard exercise
Moderate activity
Hard exercise
Moderate activity
Sleep

Moderate activity
Hard exercise
Moderate activity
Hard exercise
Moderate activity

Hard exercise

Table 2.3. Activity scenes in each time period (Data 3)

Scene

Japanese standard time
13:00 — 13:11
13:11 — 13:34
13:34 — 16:03
16:03 — 16:17
16:17 — 17:45
17:45 — 18:05
18:05 — 21:46
21:46 — 22:05
22:05 — 23:50
23:50 — 06:10
06:10 — 09:08
09:08 — 09:53
09:53 — 11:34
11:34 — 11:48
11:48 — 12:15
12:15 — 12:32
12:32 — 13:05

Moderate activity
Hard exercise
Moderate activity
Hard exercise
Moderate activity
Hard exercise
Moderate activity
Hard exercise
Moderate activity
Sleep

Moderate activity
Hard exercise
Moderate activity
Hard exercise
Moderate activity
Hard exercise

Moderate activity

2.4
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Observed PPG signal

T T
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S,
[
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s
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>
| | | | |
5 Observed ECG signal
E
S,
[
(@]
8
ke
>
) | | | | |
18:00 22:00 02:00 06:00 10:00 14:00 18:00
Japanese standard time
(a) 24 hours
PP 4: PP 7:1 PPG (14:1
0.3 , (':‘1(0‘00)‘ 0.3 , (:](O‘ 8)‘ 2 , Q( , 5),
E
5,
2 OM OW
8
o
>
-0.3 -0.3 : : : : -2
E 4: E 7:1 E 14:1
B 0.3 ‘ CG‘(OVOO)‘ 0.3 ‘ C('E(O‘ 8)‘ 5 ‘ CQ( ‘ 5)‘
E 1
g 0 0
S
o -1
>
-0.3 : : : : -0. : : : ‘ -2 . : : ‘
o 1t 2 3 4 5 o0 1 2 3 4 5 0 1 2 3 4 5
Time [s] Time [s] Time [s]

(b) Five seconds in sleep (left), moderate activity (center), and hard exercise (right) periods

Fig. 2.1. PPG (top) and ECG (bottom) signals in Data 1 for (a) 24 hours and (b) five
seconds.

25 XKEDFr®

RETIE, (TIFTVREE I OMEICOWTEEL S fRI L, R IEEAT O Bt > Hic
T 2R REIBRNT. X5, EROMEEMEIOEM Y > Y2685 0% ECG DL
Lz E, M358 505 PPG T, AMLICK > THEESKEELAS 20
SRR, RETIE, /4 XDELFENLFFNTE L H D PPG 26 EfEEITD
HEHET 270, BRESBNTONTICE Y 2 EAFBEEH EEOBEHAEMET 5. 2L
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Japanese standard time
(a) 24 hours
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El
E‘ \/
g_) OW W
2
S
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2
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Time [s] Time [s] Time [s]

(b) Five seconds in sleep (left), moderate activity (center), and hard exercise (right) periods

Fig. 2.2. PPG (top) and ECG (bottom) signals in Data 2 for (a) 24 hours and (b) five

seconds.

T, RERZEAR FRAEE RO OWTHIT 5.
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(b) Five seconds in sleep (left), moderate activity (center), and hard exercise (right) periods

Fig. 2.3. PPG (top) and ECG (bottom) signals in Data 3 for (a) 24 hours and (b) five

seconds.
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BSERESHENICEITIARNEGERX
B REHHETE &

3.1 FRHE

RETIE, AR THWZEFREEMT2TICB T 2RENR 4 FHEIOVWT, 2hzh
JFEZ AT 5. £33.28TI, MITEE In6EL60S5 PPG I LT, SHRIESH
W5y 85 O BAEIIEHEEE 2 HH T 28I OV TR 2. X 512, SHEAREREBHE T EOW
ErzhzhulR5. 3.3 HiTl1x, MUREOHEITRESS 2 BAREEEHEEEZ AW E5 0@
AR FTLEIC O WTHIT 5. 3.4 T, ERLECHBEBEEZEICHES DHEEICS
WTHIAS 2. 3.5 fiTlE, 77 A M7 ATEICED SDHEEICOWTHIFAT 5. 3.6 HiTld,
YIN 7R HD DAHEE IO W THIH T 5. 3.7 fiTld, MUSIC i£icE-0 < DEHEE IO W
THHT %, 38HiTI, AEDZLDEARRD.

3.2 ZAHAZFEDOENE

EREBWHONITFICB VTR R BE5IX, Bk (JAXDADDHW) RETOH
ENEAL ZRTED, Fig. 77 (b) DESIRANSL ZBE-o Y L HRTE2 X5 2k %E
WD Ze BB, EoT, EREEUEDOZEFTIX, HETHELNLESICBIT 2/ 4 XM
e o5, RRIKEDS S EAFYHEIC K > CVADBREICHETE 2550F L
AETHE. LrL, AR THAT2MI TR 1] 2ofonsd PPG X, KEIFIC
BT 2 KEWR ) 4 XHMBEL 2o TED, ¥ronREFOREN 2 OHEEE TIEIHEED
WHETH 5.

Z ZTAME TR, HERESHNT DT OEAREPEHEEZH WS 22T, PPICNT 25
WBERDIHELZ BN 5. Fic, ESULECHEBIRE, 77X N7 40K, YINIE, KO
MUSIC D 4 FiEZ2 BEHRIE BB 2 AR R EAFRBHEE L LTIRD EF, i
T v Tcion 2 PPGICHEAT 2 2 2ikA 5. EFULECHBEBERIAL, E50EI
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Bl 2 i d EARN IR RBHEEETH D, Wiener—Khinchin DEFH LD, EH5D T —
ARY P BIHERF P EHEL TWE L LEMiTH L. 7 T A+ T LER, R—AL%
BHHEESOEANE KB EHEST 271DICREBINTTETHD, BEEOMNEIRIER RS LD
JEIEBUR D % AT U CHEABR RS 5. YIN i, EHREECHEBEBEZ TcTHwWsn2HE
HEEAREE U A ICE XM LREETHVTE D, XD 2 A4 @7 AR BB E L
ELUTRESINEMTH 5. Wik, MUSIC iEiX, %5 & MHBEZR /2 4 XHEA U 7281l
ZHOEL, HEBpZERMIRIC X D ES2EM S M2 TRES 2 2 & TES OEKRE B e HEE T
2FETDH 5.

3.3 E5DrLE

BRI L7z PPG % (zraw[t)y 35, 22T, t=1,2,--- T 3BEBRA > T2 2TH
b, T 3BHKEET®H%. PPG & L THIEINZ EERBICWEERBRIPZEN TN S.
HARRE B @3 5 LT, ZOERKDZEHINIREL TBLL ZENEE LWED, Fill
e LTANA R T 4 VR EHEHT 5. AR TIE, Butterworth IIR 74 P XL 7 4 LR %
AWT, B5 (@)L, &3 2. ZoK, Hv M 7EEBIE 0.3 Hz RT7 4 L ZREUZ
B0 RITHELTWVWD. ZD7 4 LXDOIREIEE & AHIEE % Fig. 3.1 ITR7T.

xiz, ()L, REREXEESCHES 5. EHEEXEOEERES L, EHEXEO> 7
FRES YT, (aft), OFIEXBEEANODFERATREINS.

zsli, ] = z[l + (i — 1)5] (3.1)

TZT, i=1,2,--- T 3ERBXEA > 727 R, 1=1,2,-- -, LR X P o BERRE R
4 Y FU2REZNENERT. ZOHMEE Fig. 3.2 1TRT.

3.4 IEMLBECHEERZCEICED < OREE

ERUGE CHBIRIRIE 2] 1&, EHLE 07 B MBI E W TES OEAFHZ KD 5
FiETH 2. HOMHBEBEE L L, FEEEREY 7 b XE 3R THBIGRREREHLZDDTH
b, KRy 7 bE I T 2B RS, AEITE, ERLECHEBBIRIEDOHEE FIEICOW
TRY.

F¥, ERbENn-BOMBERR B, 7] ZERT 5. hUE, EREXEORBIEY x40, (]
WXLT, RS 7 22036 LAEE asfi, | + 7] I E DY, REAMCEE T2 2
YICKDRESB. 1L, =008, 1 R2XICEHRMLIATYS. LedoT, EH
ft /- A CAHBEIREE Bli, 7] WX 72 5.

L—T1

Bli, 7] = lexbzl Z sty as[iy 1+ 7] (3.2)

EFRED XS IHEEREAHTIE, 7235 x5 CHFEO 1 A CUX 1 AR E D) &
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Fig. 3.1. Characteristic of high-pass filter used in PPG and ECG preprocessing:
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L : Short-time interval length

2ll] -l
S': Shift length Y
(xs[1, 1)1y v

(s[2, 1)1y

('735[37”)le1

Fig. 3.2. Signal splitting into short-time signals.

KBESCHEY 7 My sy, ERbEn-EHCHBEEIZ 1 s, EREXECSE X
N7 DHED PPG 1, /A4 ABRIFIURIF L AL EBIE L A58 5720, Eftahk
E CAHBEIRESK Bli, 7] 113> 7 PR T B U TEEEO v — 2 » R S, E-T, ERbEh
7- HOHMBBEB ORI O ¥ — 27 fo > 7 + B3R EIX M0 HEAH HoHeEEM (7,])1, &
D, ZOWEHHEE AR RO (L)L, ¥ 7%, ZOMFERD & 51k
5.

Toli] = arg max f[i, 7] (3.3)
TE[Tmin,Tmax)
ﬂMZAE] (3.4)

ZIT, fRMEBOV YTV IRABERTHS. K (3.3) ORAMEOHERZ, EARBEHRD
HEEHPHD TR finin & EBR frax ZFRNCED S 2T, ZhASKNET 27 FEDO TR
Tmin = fs/ fmax RO EBR Tonax = fs/ funin DEEHNTITS . T5DB5, Tmin KT Tmax &, H
CHBRBORIIOY — 27 Hbid 2 L RO 2 H#HZR T DD (7 FED) MR EKET
H3. ZO—HOUE%E Fig. 3.3 1T, 2B, DEEE—BMIC 1 247 offcd 3
beats per minute (bpm) TEB XN 3728, HEFDZ holi] = 60f,[i] £ 725.

35 TT7RBSLEICED IDHRERE

FIALT L, BEEOMNBIRBARY PVOREBEBR T 2@ L7zdDTHD, &F
EEUHO T CRERARBOMECES LOMVWONTELEELDHS. ¥ TANT
L5 3] T, F3 (wsfi, ))E, Wil &2 OEBEE (wll])l, ZF U T L HBEEL Fourier 246
(discrete Fourier transform: DFT) ZfiL, MERMXBOEREZRZ b (Fli,w))_, #

w=1
%5.

Fli,w] =Y wll]as[i, 1] exp

=1

[—j 277(w—£)(l—1) (3.5)
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Tmin [Z] 7:0 [Z] Tmax [L]

Fig. 3.3. Estimation of fundamental period in short time interval based on normalized

autocorrelation function.

ZIT, j=v-1Thb, w=1,2,--  QIZBEBEEEA > T2 A TH25 HLQ=L1). E
K 72 5 4 (Cliyq))2y & (Fli,w))Ee, ORFHEDI ¥ DFT LTHE o 5.

Q
Clivql = é;log\F[i,wHexp [J%(“’_Lw_l)] (3.6)
ZIZT,q=1,2,- QT I7v >y eMENE T TA NI LHEBOA VT2 ATHD (HL
Q=1L). BB, 572+ 54 (Cli,q)7; BHBERRY FADZRZ FAITH D, HAFHHK
B foi] &2 RS (nfo[i))N_, DRIBEE & OIEKIEA S5 HIESD RARY b VRN
TEZ79, BARBEHEECHCONS. 1B, ¥ 72T 4 (Cli,q))d, ORRZIIL
TAIRT T LIRS,
L ] X 54 0 AR RO D HERE A (fo[i]) T2y 13, KD &5 T2 b5 4 (Cliyq))ey
DRAEERZ 7 7L 4 VT2 2 (G[i))I_, oRDENS.

doli] = arg max Ci,¢] (3.7)
qe[QminﬂZmax}

2r fs

Lol = G =1 (3:8)

L XD E#IcE, log |Fi,w]| & w B L THRBBTH 2720, EBTy A5 4 Cli,q] & log |Fli,w]| @ cos
ERRBE WX 5.
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R (3.7) DEKXMEDIRRKRIZ, EARRBBIEAOHEEFHD TR fiin & LR frax ZFHENTED S
2T, TRBHRINET 27 7Ly A4 YT 7 ZAD TR quin = round(fs/ fumax + 1) X LR
Gmax = round(fs/ fumin + 1) OHEPANTITS. Z T, round(:) IFEEBADALDUIEZ KT .

3.6 YINEICED/DEHEE

YIN &% [4] BEEERR— A%, NEOE R OHEARBEZ g IcHEE T 2 72D RSh
FETHS. ZOFETE, BEEREY 7 X 2R T R/EEEEHL, > 7 b
RIS T AR ERTS. Thbb, NCF kicBwT, KX (3.2) TERIN 2 HCMHA
BB ONEE “REECES RO LR TE 3.

B5 s, [ 1T L, 7 MR TRTTHLIES ai, | + 7] & D RREEBIIRAD X
SICERIND.

L/2

0 7] = (@slis 1] — wgli, 1+ 7])° (3.9)

=1
AN T B Y T 10 = fu/fo GBWT, B8 a[i, ]| BAMNTH 2548, ;
(3.9) 13> 7 FRSEAFINC BT 3 (7 =1,) FHOPSWERTT
iz, T OEEMEE, KRR XS BT TERLT 3.

O[i, 7]
%Z:’:l 6[i, ']
g, i, 7] e LT, 2B a T2 7 ET Z2KRD, ZOFTHRDH /N
XV 7 HHEEREABBNICHIET 2RSS T Al t LTELRS. Thbb, £4
{reN|a>d[i,7]} DR TRND 7 H7[i] TH 2. F7=, HEFAREBEE fo]i] = f/7[i]
rLTESNS. Zo—HOWME Fig. 3.4 117, 1B, Bl oz GGHEESLHEIZBV
TId) @ o =0.10~0.15 ITHEZN 3.

§'li, 7] = (3.10)

3.7 MUSIC EICED K OaEE

MUSIC i% [5] &2 RIS BEEONHEFETH D, LI 7 LA BEAUETES
DEFPRGAHEEIC L HWSN S, —/5T, KEESIZ MUSIC K2 U AR Bz #HEE
THFER, 9 bR TED, B5 L ITMHEEL 4 XOBEA W LTl v S K
H5.

%7, FERERXEES (vfi, ()L, FORX K (HL K < L) O#3E5%810 H L TXRX
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Tmin [Z] Tmax [7]

Fig. 3.4. Detection of time lag that corresponds to fundamental period in short time
interval based on YIN method.

DESIWIRY FILTEHRT S.

[ agfi, 1+ (m—1)P)

Tim= | ws[i,k+(m—1)P] | €RF (3.11)

| xs[i, K 4+ (m —1)P]

ZZT, m=1,2,-- M I x[i, ]| FOERMEZA VT2 X, k=1,2,--- , K ZEAESA
DB A > 727 A, PR ESEZU D HIEOY 7 P REZOAZART. ZOXRT ML
&b, i HEHOFEREXEDESHEEETY R, XA LS 12{Eons.

R; = E[mzmm?m]

M
1
~ o > @], € RFK (3.12)
m=1

ZzT, ‘TiddR@E, Bl #RT. ZoHEE Fig. 3.5 1IRT. MUSIC LT, E5HETTY
R; O ZEMH & BRESKRD & 7 4 Xy Z2 0L, MUSIC A2 LI 3R
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K: Segment length

o i.1] oo ot e o

P : Segment shift length

A

Y
i1

)

|

T T T
wi,lwi’l wi,zww wi,gwi73

T
wiammi,m

Instantaneous covariance matrix
Y

.

R;

Sample covariance matrix

Fig. 3.5. Heart rate estimation algorithm in MUSIC method.

BERET 2. FSMHBTY R, 2EAEEDHT 22, Xekb.

R, =VA V! (3.13)
XNii 0 - 0
0 )\i,2 0

A= . T _ (3.14)
0 - 0 Nk

Vi=[vi1 vz - vk | (3.15)

ZIT, \ip 3R, OFEBEBETHD, N1 > N2> > Nixg DEIEIACIHATNS DD
Y55 Fh, vip lE Nip KHIETZEENRT L THZ. WE, FREXEES (20, 1),
HRAD LS ITREN D LIRET 5.

xsli, 1] = s[i, 1] + pli, ] (3.16)
N
s[i, 0] = Ap[i] sin(2mn fo[i]l + 0, i]) (3.17)

ZZT, Aufi] RO 0,[i) & n RERE OIRER COAHEE ZhZ2hRL, (pi, )5, X
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(sli, ), LM ) A R2BTH 2. Hb, BHESZEAREE £, £ zoEE
(nfo[i)N_, DIEBEE B DIERKILE D 52 HIES (s[i,1)E, &/ 4 XMES (pli, )L, DR
BURET S, b LREED T =LA 1 |sli, 12 > Sor, pli, 1]]? THiug, R (3.13)
THRLNZEEMDS B, B 2N HHE TOEBM (M), BT 2EER2 + L
(vi.0)2N, BEIES (s[i,[)E, DI ZEEEIRD, D OEAME (\in) oy, KT 2
BEHRZ MV (0i0)E 0 257 A4 RIES (pli, )E, OWAEMEMRT 572, €-T, R
(3.13) BRXAD LS ICHRTE 5.

R, =UYDWU T Ly pPye (3.18)

i )\i,l 0 - 0

DY — 0 o ! (3.19)
i 0 .. 0 Aoy

U = [ wn win - oy | (3.20)
[ ANt 0 e 0

DY — 9 A@2¢+2 N 9 (3.21)
| 6 L 0 e

Ui(p) = [ U; 2N+1  Wi2N+2 “° UK ] (3.22)

X, KX (3.18) DF—HKUOE _HIZLZHLHWEES DEEMEBETIIRTG 7 £ X5
FOESHBEITINI MG 5.

MUSIC 2RZ U, /4 REBOEERZ MV (w)E o, UP 0~z b)) %
FAWTRATitHEEN 3.

1
Gli,»] = (3.23)
S oy [l
- X )
e_j 27"(2{*1)
_sAn(y—1)
bly] = e K cCK (3.24)

_i2m(K-1)(y=1)
J IS

ZZT, y=1,2,-- T IZBEBAEEA > 727 A TH% (AL T = K). b[y] i& DFT HJET
H270, ul by 1E/ A XEEOEGRY Ml uip DDFT 208D TH%. K (3.23) 13/
A REEDOEERY LD DFT B0EICH 5 Z e h 5, MUSIC 2R ML (Gli,v])io, 13,
BIMES (s[i, 1))l OIS 2 I (R (3.17) 1B 3 IERLBEEBE (nfo)h_,)
THEERY -2 %2FD. {toT, /A4 XEFEITH U THEEICHAREFB O ESATREL £ 5.

2 HEE BT 2 EAMOBASTEREOR N © 2 5L 2 501%, 3k (3.17) KBV TERERROERAD
ERFEELTOEEDTHS. MEFREOEREDETHIUL, ST 2 EEMOK L ERERE 55
% [9).
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I 1 [X P 78 D R A SR B D HESE B (fo[d])I, 1, XKD & 512 MUSIC 2R b
(Gli, )=y PIRAMER IS FABEA ¥ 727 2 (Joli)L, oKD NS,

Yoli] = arg max Gli, 7] (3.25)
Y€ [Ymin, Ymax]
folil = £l - 1) (3.26)

NCF %7 72 5 AEOBE L IS, EEEHEEEHDO TR fum & LR fra 12
FIHT 2EERBEREA T 27 AD TR Ymin = round(Kfmin/fs + 1) ! e =
round (K funax/fs + 1) OFFHATR (3.25) DRAMHRREITS .

38 FEDFLY

RETE, EREEUESIFTFITBWT, /A4 200 U CEEBZRODIHEEFEORS 2D £ D
BENTOWRWI BIZOWTHN, EHEAE S I E O AR E OE A rTREMEIC DWW T
N7z, 61T, A TERENIEM 3 2 1IEALE HBEREBIE, 772X+ 7 45K, YINE, &k
O MUSIC #0 4 Fikik oW T2z IV TE L KA L2, RE T, KRE TR
L7z 4 FEZFEBIC ECG XU PPGICHEA L, #HEMEDOHBRZITS.
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41 FZHLE

RETIE, BIETHEH L7 4 FEE2ERO PPCISEA L, HEARREHE ORE % gy
%. 4.2 fiTlX, BEHKRDDICHV 2 ZBVFHEERICO W TZh 2N il T 5. 4.3 fi
T, =X 1 CETFEZEH L EBOBRIIOVWTERS. HLF—X 1%, 2.4 HTHBX
728D, DA TR D AT LA 2 & 3 ECG (DHDBEME) v, i)
¥k % PPG ORBEFEIIA t T nizd, F—& 1123 s 2 EBRERIZSE I D
BIICHEE TS, X512, 448N 45 HICT, TR 2 NPT —&X 3K TEZHEALE
BROFERICOWTIENE., ZhbDF—Xi%, ECG MU PPG OREFREADEI TV 5135,
BRBZEHEVTPPG DI Y vy BV ZIRPHEINT WS, 4.6 HiTl, AEDF D EAN
%. ARETIEL%, EHLECHBEEREEZ NCF, 7 72 k5 4ik% CEP, YIN % YIN,
KO MUSIC %% MUS & WS BEFETRT.

4.2 FHAISIE

AEBRTI, 3EITRT 4 Fik% PPGICHEA L THE SN 2 HE O holi] DREEIZOWT
EBCHEST 2. 2ot x, DHOSEME (EfE) 1%, FRRZEHIEShz ECG iRl
T, BEPH TRV TH 2 RRIHELZEH LAEHIN2.0HEE L, ZhZ hofi] Liddhd
5. %7, HWHEMBEOFMIEEICIE, P HEZE (mean squared error: MSE), 5
Z3EAFE (root mean squared error: RMS), 7B AY v Fii7# (gross pitch error: GPE)
(10, 11], RU'7 7 4 ¥ ¥ v Fii7 (fine pitch error: FPE) [10, 11] ® 4 22 Wiz, Zzh 2
NOFHIHERDOERIZRDED TH %.

e MSE
MSE (&, [EffMEC HEEEO ZFHEZETE L, 2OV Z2FHiEL L TEH 2 % 7Hfifs
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BmThh, XRATRKINS.

ABE:%E:OMQ—MMY (4.1)

¢ RMS
RMS 1%, [EffMEY#EEMO —FEEEZRE L, ZOVEHEEFHMEEY LTEH X 557
et cH 3. HIb, MSE OFHBRTHD, KA TERIN3.

~l

RMSJ (hJﬂ—Aom)z (4.2)
=1

1=

e GPE
GPE I, holi] & holi] DHERTERZEMS p x holi] % L 2 EH X OB & EEH L7
DTH5. $hbb, BETI={icN|pxholi] < |holi] — ho[i]|} ZFWT, XRT
KEh3.

GPE::%M\WQ (4.3)

FIZ1Z, GPEA 0% Dt &, $TXTOEMEREICEWT, HERE p % LERT S
Y, holi] & holi] DHNREZEDS p X holi] LFTH Y, #ERp % LATHETETY
522 %RY. Lkdo>T, GPE BRI LRHEEHELEERTHEEETH 5.

e FPE
FPE I3, holi] & holi] DRETTEAFEM p x ho[i] % FIH 2 KX (GPE B WTIE
fir A7 T ENREIXE) OAZHWT, HNEEOEEREZEHLEZbDOTHS. T
kbb, XKATHENS.

2

FPE = 12:(%M%MV!1§]}MMM1 (4.4)
m“d m“d

22T, TREATOMES (Thbb, 1={ieN|pxhoi] > |ho|i] — holi]|} T

D, GPE IZBWTIEfEt A THERBXEOES) TH 5 FPE FHniRAE OEHER

ZTH27D, 0 IAVEEERBERHEEN TETWS I ERT. Ld->T, FPE

R EPICHEETE TV 2 EREXENC BT 2 M OHEERE % R TIHEEIECTH 5.

43 FT—R 1T IRERER
431 REREM

DIEEICBWTIE, PPG OV > 7V Y 7R f ZHIERO 1 kHz 25 20 Hz I2XY
YTV T LT Lz, KX THWER Y Y3 7)) v 732 TR0 FIHE k- T
BY, ZHUIT 4 P ENMMEENMHIIBIT 2 RN ZT TV ETH S.
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160 - E
140 - .
120 |- E
100 - .
80 - E
60 - E
40 | 4
20 | E

0
18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00
Japanese standard time

Heat rate [bpm]

Fig. 4.1. Caluculated heart rate obtained from ECG signal (Data 1) resampled at
78.125 mHz and used as reference.

Heat rate [bpm]

0
18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00
Japanese standard time

Fig. 4.2. Caluculated heart rate obtained from ECG signal (Data 1) resampled at
19.53125 mHz and used as reference.

1. T4 V7OV W& BEAZRITI DD, Ry H 7Y Y IHiDES I LT FIR
0— 827 4 V& (7 4 VEZXENE 1000 =, By A 7ERBER Y 3> 7
BOFA XA NEABED 2EHT S

2. FEEFIR 0 — R 7 4 VA THULESOMHELE (WEREOREEN) ZMET 2

3. By ¥ ) IRBROMBMNH OB ESEZ PN BUEMED) X DKD 2

7z, DHOHEERZ 35-175 bpm (fuin = 0.58 Hz KT frax = 3.5 Hz) ZHIRL 7.
NCF, CEP, MU' YIN TiE, 1 200MHEZEH T 2 ERHEESREZ L =1024 5 (51.2 8)
L, Zh# S=25618 (128s) §2o¥7 b L7, %/, MUS TiX, FERKEOEEDL S,
L=1024 Sk S =1024 R #FHEL. - T, NCF, CEP, MU YIN @ 3 FETIEH
EDIAMEDY 12.8 s #IZ 1 2 (EKRETR T & 78.125 mHz), MUS TiE51.2 s 2 1> (&
BBTHRT L 1953125 mHz) #5612 X5 RMAHEE L o TWwd. X512, YIN THWS
MEX =01 L, MUS THW2 HINESHTOIEXEOERIE N =1 Lk, &8, 0T
NOFRICHLTD, DIEZHEE L 72RICEORBENERL—D Y 7T 5D, BX 12
MOBEHRIEY 4 VX EEH L.

4.2 BTNz BY, Zd ECG 256 RRI 2HMH L TE LN 2 DA IEfRED R HZ L %
Figs. 4.1 U 4.2 1 cFhFturd. HL, Fig 4.1, DMAEOEBFE % NCF, CEP, &Y



260 E4+E ER

YIN OH#EMEICE DR 27012, EfRMEZFERE 78.125 mHz KXY %Y I s T 7
THY, Fig. 4.21F MUS OHEEHEICE DY 272012, [IEMMEZ ERE 19.53125 mHz 12X
VBTN T T T THE. HEoT, PPGITH U CHARREBEAMEE % WA LIRS, 2
D Figs. 4.1 KU 4.2 1S OREEWHFHI S e 72 5. HL, 7—& 1% 2 BETHRANZ &
S IZIERBIFEIADE SN T Wi W0, FHEiFERIISE ICHED 5.

Z 2T, Table 4.11%, 7—& 1 I LEFELEH L BOFHMEMEZ, 202 hiHiifeiE
ANZFEEDHDTH L. WITHDOFEDREN NS WVIZEBEREHWI E2RT. 7B, 4
FHETROBEEINVNIWME FHEEOEWE) ZRKFETRLTWS.

432 RERERLE

24 @D PPG IC&FHEZEH L TR LN DIHEER R Z Fig. 4.3 1TRF. WIihoF
b MEARME (BEHR 1:00~7:00 R TF 12:30-14:00 f131) 130D & LW EFEE CTHEE T &
TW5 Z AR TE 2, BEEBRIIELZHRT 2 L, HEIKHETH > /.
L LA S, Fig. 4.3 (a) D NCF CEHT 2 &, @HEIGEHRDO X84 7082 AT TIW
2bDD, A4 7 OHIZ 50-60 bpm (HEDEEEIEEHEETE 5. E->T, HEBHH
RET7 4 M ZPB— R T 4 LR EHEATIUBEIETRG H 2 REHENTE S X512k
ZAREMD D 2 EZXND. F/2, Fig. 4.3 (¢) ® YIN TIHHERKFD 284 703D 4L,
50-60 bpm ¥\ o e b 5 LWIMADERE THETE TWA Z e AR TE 5. Table 4.1
2 51%, CEP 83 RTOFMEEIZICB VT, RBEEINVNIWI LR TE 3.

44 F—HR2IxT BRERER
441 HEREMH

DMEHEEIZBWT, PPG OH > 7V ¥ ZREEE fo Z#HERD 512 Hz 525 20 Hz IX 7 >~
PV UTIH Lz, %72, 7—X 1 DBE LRI, ECG 55 RRIZHE L TES
N30 IEREDORHZ(LE Figs. 4.4 XU 4.5 133 . ZOMOFEEBRSEMAIE 4.3.1 fHik [
HTH 3.

442 REFHFERLEE

24 FifEl @ PPG O FEBOMAMEER R E Fig. 4.6 1IR3, 77— 1 OFH L FERRIC, W
FTHNOFEDMEREE (B 1:00~7:00 1) 345 LWMHAERE CHETETWS 2
COERTE 20, BEEHRICBVWTIET—X 1 AT, DIHHEEHEMET LTV Z
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1 | | | | | |
jq:') 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Japanese standard time
(a) Estimated and median—filtered heart rates based on NCF method

Q. 160 ‘

© 40 ! ! !
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Japanese standard time
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Fig. 4.3. Estimated heart rates using (a) NCF, (b) CEP, (c) YIN, and (d) MUS methods
for Data 1.
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Table 4.1. Evaluation scores of each method for Data 1

Evaluation method NCF CEP YIN MUS
MSE 3156.9242 345.3259 364.6778 399.1924
RMS 56.1865 18.5829 19.0965  19.9798
GPE (p =0.10) [%] 74.2476 64.7798  67.4026  67.1209
GPE (p =0.15) [%] 62.9207 48.7183  51.7854  52.9621
GPE (p =0.20) [%] 55.0482 35.6794  39.9318  43.3649
GPE (p =0.25) [%] 49.5923 26.1668  30.9676  37.0853
GPE (p =0.50) [%] 36.4272 10.5645 11.7203  19.609
FPE (p = 0.10) 3.1821 2.7819 2.9654 3.0622
FPE (p = 0.15) 4.4632 4.0477 4.1604 4.3734
FPE (p = 0.20) 5.4679 5.0816 5.1237 5.3771
FPE (p = 0.25) 6.3191 5.9832 5.9548  6.1445
FPE (p = 0.50) 9.6381 8.9209 9.3606 9.2844
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Fig. 4.4. Caluculated heart rate obtained from ECG signal (Data 2) resampled at
78.125 mHz and used as reference.
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Fig. 4.5. Caluculated heart rate obtained from ECG signal (Data 2) resampled at
19.53125 mHz and used as reference.

Table 4.2. Evaluation scores of each method for Data 2

Evaluation method NCF CEP YIN MUS
MSE 3670.8552  202.0897 191.2354 174.7788
RMS 60.5876 14.2158 13.8288 13.2204
GPE (p =0.10) [%] 83.0411 80.3858  82.8155  66.1955
GPE (p =0.15) [%] 72.9925 64.9242  69.5479  49.7644
GPE (p =0.20) [%] 61.1168 46.6205  52.1425  37.3969
GPE (p =0.25) [%] 50.7735 29.5244  34.7813  25.2061
GPE (p =0.50) [%] 31.6045 2.1499 1.9437  4.1814
FPE (p = 0.10) 2.8571 2.3870  2.5519 2.8096
FPE (p = 0.15) 4.1247 3.3468 3.5083 4.3189
FPE (p = 0.20) 5.4023 4.3289  4.4001 5.6323
FPE (p = 0.25) 6.4945 5.0739 5.0041  7.0519
FPE (p = 0.50) 10.6511 8.8617 8.0574  10.5721
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Fig. 4.6. Estimated heart rates using (a) NCF, (b) CEP, (c) YIN, and (d) MUS methods
for Data 2.
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Fig. 4.7. Caluculated heart rate obtained from ECG signal (Data 3) resampled at
78.125 mHzs and used as reference.
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Fig. 4.8. Caluculated heart rate obtained from ECG signal (Data 3) resampled at
19.53125 mHz and used as reference.

Table 4.3. Evaluation scores of each method for Data 3

Evaluation method NCF CEP YIN MUS
MSE 3522.7394 189.7079 172.9414 187.3802
RMS 59.3526 13.7734  13.1507  13.6887
GPE (p =0.10) [%] 81.8384 76.0503  78.2101 70.4734
GPE (p =0.15) [%] 72.7057 61.5385  65.5769 56.3314
GPE (p =0.20) [%] 62.8478 44.9704  49.6893 42.7219
GPE (p =0.25) [%] 51.1545 29.7485  31.4941 27.6331
GPE (p =0.50) [%] 33.3629 2.4704 1.8935 5.4438
FPE (p = 0.10) 2.5807 2.3321 2.1327 2.6832
FPE (p = 0.15) 3.8229 3.2602 2.9994 4.1109
FPE (p = 0.20) 5.1755 4.2039 3.9683 5.6988
FPE (p = 0.25) 6.8346 5.2454 5.2055 7.5571
FPE (p = 0.50) 10.4550 8.8731 8.0543 10.8009
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Fig. 4.9. Estimated heart rates using (a) NCF, (b) CEP, (¢) YIN, and (d) MUS methods
for Data 3.
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